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The discovery of materials with improved functionality can be accelerated by rational mate¬ 
rial design.® Heusler compounds with tunable magnetic sublattices allow to implement this 
concept to achieve novel magnetic properties.® Here, we have designed a family of Heusler al¬ 
loys with a compensated ferrimagnetic state. In the vicinity of the compensation composition 
in Mn-Pt-Ga, a giant exchange bias (EB) of more than 3 T and a similarly large coerciv- 
ity are established. The large exchange anisotropy originates from the exchange interaction 
between the compensated host and ferrimagnetic clusters that arise from intrinsic anti-site 
disorder. We demonstrate the applicability of our design concept on a second material, Mn- 
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Fe-Ga, with a magnetic transition above room temperature, exemplifying the universality of 


the concept and the feasibility of room-temperature applications. Our study points to a new 
direction for novel magneto-electronic devices. At the same time it suggests a new route for 
realizing rare-earth free exchange-biased hard magnets, where the second quadrant magne¬ 
tization can be stabilized by the exchange bias. 

Exchange bias corresponds to a shift of the hysteresis loop of a ferromagnet along the mag- 
netie field axis due to interfaeial exehange coupling with an adjacent antiferromagnet ® It is em¬ 
ployed for a variety of teehnologieal applieations ineluding magnetoresistive read heads and 
sensors. One of the most important uses of exehange bias is in spin-valve deviees, where an artifi- 
eial antiferromagnet exehange-biased by a normal antiferromagnet allows magnetoresistanee to be 
developed in a small field, stabilizing the magnetie state against repeated eycling.l^ Although the 
origin of exehange bias is still a subjeet of diseussion, its phenomenology has variously been inter¬ 
preted in terms of rough ferromagnetie (FM)- antiferromagnetie (AFM) interfaees ^ domain 
state model ^ and uneompensated interfaeial spins Although both FM and AFM subsystems 
are inseparable parts of an EB system, it is the latter that determines the magnitude of the EB in 
the system.fi^®^ Therefore, it is important to search for an appropriate magnetically compensated 
material to observe a maximum effeet. Besides the EB phenomenon, magnetically compensated 
materials are proposed to play a vital role in antiferromagnetie spintronies ESEll and all-optical 
switching devices Single spin supereonduetivity has even been predieted in a spin-eompensated 
half-metal.l^In this letter we present a design seheme for a magnetieally-eompensated ferrimagnet 
and demonstrate the relevance of this eompensated magnetie state in realizing a giant exchange 
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bias and a large coercivity. 


Heusler compounds, which provide the material base for our design scheme, are well known 
for their multi-functional properties, such as the giant magnetocaloric effect the field-induced 
shape-memory effect ^ and the topological insulating property The story of their success is 
based on the fact that new materials can be designed in the flexible structure of the Heusler family 
on the basis of simple rules taking into account the position of the atoms, the number of valence 
electrons, the degree of atomic disorder and the strength of the exchange interactions One of the 
famous examples of valence electron count is the robustness of the Slater-Pauling rule, typically 
connected to half-metallicity, in the L2i cubic Heusler compounds.Together with the fact that in 
Heusler compounds Mn develops a strong localized magnetic moment, it can be used as a guide 
to search for compensated ferrimagnets in the Heusler family with 24 valence electrons. On the 
other hand, this provides us only a preliminary guide, since the compensated ferrimagnetic state 
typically cannot be combined with half-metallicity. The classical example is MnsGa^^, which 
is predicted to exhibit a half-metallic state in the L2i cubic phase, but the cubic phase does not 
form in the bulk due to a strong electronic instability leading to a tetragonal strain breaking both 
the compensated and half metallic states. However, either a half-metallic or a compensated state 
can be recovered by chemical substitution.l^Here, we focus on the compensated magnetic state in 
Heusler materials. 

Combining MnsGa with another material of opposite net magnetization, Mn 2 PtGa, forms 
an excellent starting point to design a zero-magnetization structure based on a compensated fer- 
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rimagnetic state. Mn 2 PtGa consists of two non-equivalent types of Mn, one in the Mn-Ga and 
another in the Mn-Pt planes of the inverse tetragonal structure (space group I-Am2)^. The Mn 
sitting in Mn-Ga planes possesses a higher magnetic moment due to its more localized nature. 
It couples antiferromagnetically to the Mn in Mn-Pt planes. This configuration results in a net 
uncompensated magnetization of about 0.5 /ie/f u. arising from the larger moment of the Mn in 
Mn-Ga planes.^^ On the other hand, the complete replacement of Pt by Mn to form Mn 3 Ga(space 
group lA/mmm) results in one Mn in the Mn-Ga and two Mn in the Mn-Mn planes (former Mn-Pt 
plane). Thus, MnsGa displays a net uncompensated magnetization of about 1 /re/f-u. of opposite 
sign to that in Mn 2 PtGa! ^^l^^ l Combining these two materials then suggests that we can create a 
fully compensated magnet with a compensation point for a particular Mn/Pt ratio. This design 
scheme is schematically depicted in Fig. 1. From first-principles calculations, it follows that the 
critical composition with the zero magnetization is achieved in the solid solution Mn 3 _ 3 ;Pt^Ga at 
a Pt content of about xq = 0.59, which is in good agreement with the experimental findings. On 
optimizing the Mn/Pt ratio in Mn 3 _ 3 .Pt^Ga, we always find a small lack of compensation in the 
material, due to the formation of FM clusters by anti-site disorder. This leads to an exceptionally 
large bulk EB and a large coercivity. In contrast to an artificial antiferromagnet, which is a thin 
film structure composed of two ferromagnetic layers separated by a coupling layerl^, here we com¬ 
bine two isostructural ferrimagnetic compounds Mn 3 Ga and Mn 2 PtGa to obtain an intrinsically 
anisotropic compensated magnetic state on an atomic scale in a bulk material. 

In order to characterize the magnetic properties of Mn 3 _j.Pt 2 ;Ga we have measured the tem¬ 
perature dependence of the low field magnetization, M{T). We find a systematic increase in the 
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ferrimagnetic Neel temperature (Tn) with inereasing Mn eontent as shown in Fig. 2. The irre¬ 
versibility between the ZFC and FC eurves refleets the appearanee of eoereivity. We suggest that 
FM elusters embedded in the eompensated host are the souree of this irreversibility. NMR mea¬ 
surements eonfirm that these elusters originate from random swaps between Pt in the Mn-Pt planes 
and Mn in the Mn-Ga planes (Supplementary Fig. 2). The irreversibility between ZFC and FC 
M{T) eurves inereases with inereasing magnetie field demonstrating that eooling in higher fields 
helps the FM elusters to grow in size (Supplementary Fig. 3). 

The ZFC magnetization at 5 K shows an unsaturated behavior for magnetie fields up to 14 T 
(inset of Fig. 2), therefore, higher fields are required in order to gain a better understanding of the 
magnetie state of the system. Pulsed-field magnetization measurements at 4.2 K up to a field of 
60 T are shown in Fig. 3a. For a; = 0.5, 0.6, and 0.7 thehysteresisloopseloseatafieldof 35—40T. 
The non-saturating magnetization up to 60 T refleets the strength of the dominant intersublattiee 
Mn-Mn exchange in the polycrystalline compensated ferrimagnetic host. The hysteresis reveals 
that there is a FM component of 0.1 — 0.3 /tb in the compensated host, which may be compared 
with its ferromagnetic collinear saturation of about 6 yUe/f-u.. We further obtain coercive fields of 
fioHc = 2.2, 3.6, and 3.0 T at 4.2 K for x = 0.5, 0.6 and 0.7, respectively. These values are 
comparable to the maximum He observed in rare-earth-based hard magnetic bulk materials. To 
investigate the exchange interaction between the FM clusters and AFM host, we have measured FC 
hysteresis loops. The FC hysteresis loops taken at 4.2 K in a de-field of ±32 T are depicted in Fig. 
3b. The loops for x = 0.5, 0.6, and 0.7 display a large shift in the negative field direction indicating 
the existence of a large unidirectional anisotropy and a large exchange bias. The hysteresis loops 
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close in a field of only 20 — 25 T for all samples. Interestingly, the FC hysteresis loops reeorded 
after field eooling in 15 T and 25 T follow a similar path. This implies that a eooling field of 
/ioFfcF = 15 T is suffieient to saturate the FM moments and a larger eooling field does not further 
ehange the magnetie state of the sample (inset of Fig. 3). For all samples the FC M{H) loops 
pass almost through the origin in the third quadrant, resulting nearly same eoereivity and exehange 
bias field. The EB inereases monotonieally for HoHcf up to 10 T and then saturates for further 
inereasing eooling fields. It may be worthwhile to mention that field of 10 T is nearly suffieient to 
saturate the exehange bias, but the full 32 T is required to fully elose the loop. 

In Mn 3 _ 3 ;PcGa, we obtain a maximum EB of Heb = 3.3Tforx = 0.6. This value is among 
the largest EB reported so far. The dependenee of the EB and eoereivity on the Pt eoneentration 
measured after field eooling the sample in 15 T is displayed in the inset of Fig. 4a. Both, the EB 
field (Heb) and the eoereive field (He) exhibit a elear maximum around x = 0.6. We observe 
a small inerease in He for the EC loops in eomparison to the ZEC loops, as generally found for 
materials showing an EB effeot.^^^^^ To demonstrate the temperature dependence of the EB we 
have measured hysteresis loops at different temperatures after field eooling in 5 T for Mn 2 . 4 Pto, 6 Ga 
and Mn 2 . 5 Pto. 5 Ga. The EB shows a monotonie deerease with inereasing temperature that vanishes 
around Tn, as shown in Eig. 4a. 

The extremely large EB at low temperatures in the Mn-Pt-Ga Heusler alloys is a good starting 
point for aehieving large EB in eompensated materials. Therefore, to establish a eomprehensive 
pieture we applied our design eoneept to another Heusler system in the Mn-Ga family, Mn-Ee- 
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Ga, where the ordering temperature of the system can be varied over a wide range to above room 
temperature by tuning the composition (Supplementary Fig. 7-Fig. 14). Furthermore, Mn 2 FeGa 
is nearly in a compensated magnetic state, whereas, Fe 2 MnGa is ferromagnetic. By adjusting 
the composition we can achieve a material with ferromagnetic clusters in an almost compensated 
ferrimagnetic host and a Neel temperature above room temperature. The temperature dependence 
of the EB for Mni sFci sGa and Mni.gFeGa are shown in Fig. 4b. Mni.sFei.sGa exhibits an EB of 
1.1 T at 2 K, which is observable up to room temperature. For Mni gFcGa we find an EB of 1.2 T 
and 0.04 T at 2 K and 300 K, respectively. 

Our experiments show that magnetic compensation of the host is an important requirement to 
achieve a large exchange bias. We now introduce a model to explain these observations. Assuming 
ferromagnetic clusters in the compensated ferrimagnetic host that are coherent with the host and 
coupled to it via exchange bonds at the interface, we can elaborate the conditions for the exchange 
bias. We assume that the FM clusters and their surroundings are part of a single crystalline grain 
with a uniform orientation of the uniaxial magnetocrystalline anisotropy. By applying an external 
magnetic field which is large enough to rotate the magnetization in the ferromagnetic clusters, 
but small enough not to rotate the compensated ferrimagnetic host, we find that the EB is well 
described by 


12 Jab<S'a*S'b [1 — cos(6*k — ^'b)] ■ sin^(6*K — ^'b) ■ L^n 

SSa ■ cos 6k ■ Na + Sb cos 9b ■ L^n 


( 1 ) 


7 



where S'a(b) are the amplitudes of the atomie magnetie moments in the host (eluster), 6Sa 
aeeounts for the imperfeet magnetie eompensation in the host; A^a(b),ab are the number of atoms 
inside the host (eluster) and at the eluster/host interfaee, respeetively; Jab is the exehange eou- 
pling eonstant at the eluster/host interfaee. Ka,b > 0 are the anisotropy eonstants for the host 
and the eluster, 6'k,a,b are the polar angles referring to the orientation of the anisotropy axis and 
magnetization of the eluster and of the host, respeetively. 

In ease of small FM elusters (L^n <C Na) the key role is played by the eompensation of the 
host. The EB field ean be expressed as. 


H{M) 


a 

M + /3 ’ 


( 2 ) 


where M is the total magnetization; a and are parameters depending on the interface 
exchange-coupling, the particular form of the interfaces, and the number, distribution and magnetic 
moments of the embedded ferromagnetic clusters. The theoretical estimate agrees well with the 
experimental data that show a nearly inverse relationship between the J/eb and magnetization (see 
Fig. la). 

To estimate the maximum exchange-bias field Eq. 1 can be expressed in terms of the size of 
the ferromagnetic cluster (L), 
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Hme^[T] = 0.21 • (1/L[A]) ■ 10^ + 0.54, 


(3) 


where the first term appears from the interfaee exehange eoupling and the seeond, from the 
magnetie anisotropy (Supplementary). In order to aehieve the exehange bias fields of 3 T, the 
eharaeteristie FM eluster size must not exeeed L 10^ A. 

A key experimental observation is that at low temperature the exehange bias is equal to the 
eoereivity in all samples. This ean be explained by eonsidering additional eonditions for the mag¬ 
netization switehing. For simplieity, we eonsider only those grains whieh are oriented differently 
from the polar angle, 9k = Sueh grains exhibit a sharp rectangular-like hysteresis, in which 
the eoereivity corresponds to a regime of fast domain-wall motion. This rapid process is the tran¬ 
sition between two states: one, comprising the domain wall (induced by the competition between 
the strong negative magnetic field and the positive exchange pinning at the host/cluster interface) 
and the new one, which is magnetically uniform. The elimination of the domain wall occurs for 
the small external field values {H < 0) at which the energies of these two states become compara¬ 
ble. The detailed theoretical interpretation of our findings can be found in supplementary material. 
From this model we estimate that is only about -1 mT, where the cluster size L is the lead¬ 
ing contribution. Taking into account that the measured hysteresis is the statistical sum over all 
orientations, Hq will have an even smaller amplitude. 

To conclude, we have established a new approach to design compensated ferrimagnetic 
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Heusler alloys. A small lack of compensation allows us to achieve an extremely large EB and 
matehing eoereivity. A simple model allows us to quantify the experimental results that show 
an inverse relationship between the total magnetization and magnitude of the exehange-bias field. 
The present finding provides new insight into the meehanism of EB and suggests exploring sim¬ 
ilar eoherent materials that ean be implemented in thin film. Eurthermore, the aehievement of a 
eoereivity of more than 3 T based on exehange anisotropy proposes a new approaeh to permanent 
magnet design. Permanent magnets are expeeted to deliver a large flux density. Their working 
point, stabilized by eoereivity, falls naturally in the seeond quadrant of the hysteresis loop, beeause 
of the demagnetizing field. The present work offers an alternative approaeh - to stabilize the seeond 
quadrant magnetization by exehange bias. However, to realizable in praetieal applieations it must 
be eoupled with a larger magnetization in order to produee a useful flux density. A non-pereolating 
ferromagnetie fraetion approaehing 30%, rather than around 3% in Mn-Pt-Ga and less than 12% 
in Mn-Ee-Ga, is needed. The balanee between the volume of EM elusters and eompensated host 
needs to be optimized to aehieve a large exehange bias as well as a large magnetization. Henee, 
the present finding is a good starting point for designing rare-earth free hard magnets eomprising 
of two hard magnetie phases, whieh is different form the eonventional exehage spring approaeh. 
Our design eoneept together with the flexibility and huge number of materials erystallizing in the 
Heusler strueture indieate the high potential in designing new materials with a large EB and a 
large eoereivity at room temperature. Einally, the large EB and eoereivity in the nearly eompen¬ 
sated Heusler alloys may signifieantly expand the importanee of these materials in the physies and 
material seienee eommunity due to high potential for antiferromagnetie spintronies. 
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Figure 1 Design of a compensated magnetic state, a, A theoretical modeling showing 
that the Pt content controls the amount of Mn-spins pointing down by varying the uncom¬ 
pensated magnetization, M, from 1.1 /xb for MnsGa to 0.5 /ib, in the opposite direction, 
for MnaPtGa, thereby, going through the compensation point (M = 0) at a Pt content of 
X = 0.59 (upper panel). Approaching compensation maximizes H^b (lower panel): solid 
curve corresponds to the model calculation deduced from the ab-initio calculated mag¬ 
netic moments, closed circles corresponds to the experiment, b. Magnetic moments of 
manganese in two different sublatices for the tetragonal MnsGa (see the crystal struc¬ 
ture), one Mn in Mn-Ga plane with a localized moment 3.1 /iB/f u. (spin up, red arrow) 
and two Mn in Mn-Mn planes with a larger sum moment 4.2 /iB/f.u. (spin down, blue 
arrow). The Mn in the Mn-Ga plane couples antiferromagnetically to the Mn in the Mn-Mn 
planes resulting in a net moment of 1.1 /xb/Tu. with spin down in the present illustration, 
c. Perfect magnetic compensation is expected in Mn 2 . 41 Pto. 59 Ga. d. Magnetic moment of 
manganese in two sublatices for Mn 2 PtGa (see the crystal structure), one Mn in Mn-Ga 
plane with a larger localized moment (spin up, red arrow) and one Mn in Mn-Pt plane with 
a smaller moment (spin down, blue arrow). This configuration displays a net moment of 
around 0.5 /xb/Tu. with spin up. Therefore, on going from MngGa to MnaPtGa, a mag¬ 
netic compensation is encountered with equal and oppositely aligned Mn moments in the 
Mn-Ga and Mn-Pt planes, e, A small anti-site disorder can bring about the formation FM 
clusters inside the compensated host. The exchange interaction between the FM clus¬ 
ters and the compensated host establishes a strong exchange anisotropy in the system 
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leading to the observation of an exchange bias. 


Figure 2 Compensated ferrimagnetic state in Mn-Pt-Ga. M{T) for Mn 3 _a.Pt 3 ;Ga [x =0.2, 
0.5 and 0.6) measured in 0.01 T. Open symbols represent the zero-field cooled (ZFC) 
curves and closed symbols the field cooled (FC) curves. In the ZFC mode, the sample 
was initially cooled to 2 K and the data were taken upon increasing the temperature in 
applied magnetic field. In the FC mode, the data were collected while cooling in field. The 
inset shows the zero field cooled M{H) hysteresis loop for Mn 2 . 4 P 0 . 6 Ga measured at 2 K 
in a field of ±14 T. 

Figure 3 Hysteresis loops in Mn-Pt-Ga. a, M{H) isotherms measured up to 60 T at 
4.2 K. The data for successive samples are shifted by 0.3 /is along the magnetization axis 
for better clarity, b. Field cooled (FC) M{H) loops measured up to ± 32 T for x = 0.5, 0.6, 
and 0.7 after field cooling the samples in /xoTTcf = 15 T (closed symbols) and 25 T (open 
symbols). The loop for x = 0.7 is shifted by -0.3 /xb and for x = 0.5 by ±0.3 /ib along the 
magnetization axis. The inset shows the dependence of exchange-bias field (T^eb) on the 
cooling field [Hcy)- is calculated using ±i7c)/2, where and are 

the lower and upper cut-off fields at which the magnetization becomes zero. 

Figure 4 Exchange bias and coercive fields for Mn-Pt-Ga and Mn-Fe-Ga. a. Tempera¬ 
ture dependence of the EB for Mn 2 . 4 Pto. 6 Ga and Mn 2 . 5 Pto. 5 Ga. The inset of a shows the 
coercive field He (circles) and T^eb (squares) as a function of the Pt concentration x in 
Mn 3 _^Pta;Ga. b. Temperature dependence of the EB for Mn 1 . 5 Fe 1 . 5 Ga and Mni.gFeGa. 
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